Optic nerve sheath diameter (ONSD) seen on ocular US has been associated with increased intracranial pressure (IICP). However, most studies have analyzed normal range of ONSD and its optimal cut-off point for IICP in Caucasian populations. Considering ONSD differences according to ethnicity, previous results may not accurately reflect the association between IICP and ONSD in Koreans. Therefore, we conducted this study to investigate normal range of ONSD and its optimal threshold for detecting IICP in Korean patients.
Introduction
Early detection of increased intracranial pressure (IICP) and prompt management is essential for patients with intracranial lesions. ICP can be accurately estimated using invasive monitoring probes, such as an intraventricular or intraparenchymal catheter. However, clinical concerns include procedure-related complications, limited technical availability due to performance by only neurosurgeon, and unsuitable patients who have coagulopathy or vital sign instability. [1] Ultrasonography (US) has become widely used in the emergency department (ED) or intensive care unit (ICU) settings due to its noninvasive nature, real-time tracking at the bedside, and capability of repetitive examination without radiation exposure. Optic nerve sheath diameter (ONSD) seen on ocular US has been associated with IICP. [1] [2] [3] However, most studies have analyzed normal range of ONSD and its optimal cut-off point for IICP in Caucasian populations. [4] Considering ONSD differences according to ethnicity, [5] results obtained from Caucasian may not accurately reflect the association between IICP and ONSD in Koreans. Therefore, we conducted this study to investigate normal range of ONSD and its optimal threshold for detecting IICP in Korean patients.
Methods
This prospective multicenter study was performed in 3 institutions. Patients who visited the ED or ICU for suspected IICP from September 2013 to May 2016 were enrolled. Inclusion criteria were age >18 years; clinical signs of IICP that included headache, nausea, vomiting, or altered mentality; and radiologic tests like brain computed tomography (CT) or magnetic resonance imaging (MRI), and US within a 1-hour interval. Patients who were younger than 18 years of age, or who had an orbital trauma or mass, or cavernous sinus arachnoid cysts were excluded. [2] Radiologic tests scans were interpreted independently by 2 neuroradiologists blinded to clinical information. IICP was defined as significant brain edema, midline shift, compression of ventricle or basal cistern, effacement of sulci, insufficient gray/ white differentiation, and transfalcine herniation. [2, 6, 7] Ocular US was performed using a ProSound Alpha 6 13-MHz US probe (Hitachi Medical Corp., Tokyo, Japan) according to a previously reported method. [8] ONSD assessments were independently done by 2 trained investigators (JPJ and HNL). This study was approved by the Institutional Review Boards at the participating institutions (2015-131, H-1309-004-515, B-1506-304-102).
Statistical analyses
Categorical variables are presented as numbers and percentages. Continuous data are shown as the mean ± standard deviation (SD). The intraobserver and interobserver agreements were calculated using kappa statistics. The results of the ONSD are described as the median (25th-75th percentile). A comparison of ONSD was performed by Kruskal-Wallis test. Mann-Whitney U test with Bonferroni correction was conducted for all possible pairwise comparison. A receiver operator characteristic (ROC) curve was generated to determine the optimal cut-off point for identifying IICP. Sensitivity, specificity, positive predictive value, and negative predictive value were assessed. Statistics were performed using SPSS V.19 (SPSS, Chicago, IL) and MedCalc (www.medcalc.org).
Results
A total of 134 patients were enrolled. The 134 individuals comprised 81 patients with IICP (60.5%), 27 patients without IICP (20.1%), and 26 unaffected control group (19.4%). Detailed information on the clinical characteristics of the patients is described in Table 1 . The proportion of male and the mean age of the enrolled patients according to groups were as follows: patients with IICP, 52 males (64.2%), 64.4 ± 17.6 years; patients without IICP, 20 males (74.1%), 65.2 ± 17.8 years; and control group, 9 males (34.6%), 60.8 ± 12.5 years. In patients with IICP, 42 (51.9%) presented with headache and vertigo, and 21 (25.9%) with altered mentality. In patients without IICP, 20 patients presented with headache or vertigo, and 7 (25.9%) Table 1 Baseline characteristics of the study population (n = 134). Continuous data is presented as mean ± SD. DM = diabetes mellitus, EDH = epidural hemorrhage, HNP = herniated nucleus pulposus, HTN = hypertension, ICH = intracerebral hemorrhage, IICP = increased intracranial pressure, SD = standard deviation, SDH = subdural hemorrhage, TIA = transient ischemic attack. The intra-and interobserver agreements were excellent for estimating ONSD (k = 0.91 and 0.88). ONSD in patients with IICP (5.9 mm, range 5.8-6.2 mm) was significantly higher than those without IICP (5.2 mm, range 4.8-5.4 mm) (P < 0.001) and the normal control group (4.9 mm, range 4.6-5.2 mm) (P < 0.001). More specifically, the results were further analyzed according to the diagnosis such as hemorrhage (n = 74, 83.1%) and infarction (n = 9, 10.1%), and the presence of IICP. In the hemorrhage group, IICP patients (6.0 ± 0.3 mm) showed significantly increased ONSD compared to non-IICP patients (5.4 ± 0.1 mm) (P = 0.001). In the infarction group, the mean ONSD of IICP patients was 6.1 mm (range 5.8-6.4 mm) and that of non-IICP was 5.4 mm (range 5.1-5.7 mm).
The difference of ONSD between patients without IICP and the normal control group did not reach statistical significance (P = 0.31). The area under ROC curve is 0.975. ONSD >5.5 mm yielded a sensitivity of 98.77% (95% CI: 93.3%-100%) and a specificity of 85.19% (95% CI: 66.3%-95.8%) (Fig. 1). 
Illustrative case
A 57-year-old man presented with a sudden onset of left hemiparesis. Diffusion MRI revealed acute cerebral infarction in the territory of the middle cerebral artery on the right side with ONSD of 5.2 mm ( Fig. 2A and B) . Two days later, the patient became drowsy and the right-sided hemiplegic despite antiplatelet medication and intravenous mannitolization. Brain CT scans displayed aggravation of cerebral edema. Follow-up of ocular US showed increased ONSD of 6.3 mm (Fig. 2C and D) . Emergent decompressive craniectomy and wide duroplasty were performed to relieve the IICP. Postoperative CT scans demonstrated a decrease in midline shift with ONSD of 5.8 mm (Fig. 2E and F) . The patient underwent further hypothermic therapy after surgical decompression. CT scans taken after 2 weeks after operation showed a substantial improvement in the extent of midline shift with ONSD of 5.4 mm (Fig. 2G and H) .
Discussion
The present study showed that ONSD in patients with IICP had a mean size of 5.9 mm (range 5.8-6.2 mm), which was significantly higher than patients without IICP (5.2 mm, range 4.8-5.4 mm) or normal controls (4.9 mm, range 4.6-5.2 mm). The optimal ONSD cut-off point for identifying IICP was 5.5 mm which had a sensitivity of 98.77% and a specificity of 85.19%.
Invasive ICP monitoring method has been a gold standard for the evaluation of IICP. However, limitations include potential complications, such as hemorrhage or infection, and limited technical availability in institutions without a neurosurgeon. [4] Accordingly, feasibility of noninvasive methods like transcranial Doppler, tympanic membrane displacement, US, CT, and MRI have been investigated as the invasive ICP monitoring with a reference value. ONSD that defines the dural sheath diameter surrounding the optic nerve can be measured due to its cerebrospinal fluid (CSF) connection to the intracranial subarachnoid space. Liu and Kahn [9] reported that subarachnoid space pressure of ONSD showed a liner correlation with ICP change. Moretti et al [10] showed that optimal ONSD cut-off point to define IICP (>20 mm Hg) was 5.2 mm with a 93.1% sensitivity and 73.9% specificity in 63 patients with spontaneous intracerebral hemorrhage. Geeraerts et al [11] reported that adults with high ICP, defined as ICP >20 m mHg for more than 30 minutes in the 1st 48 hours after trauma, had a higher ONSD value (6.3 ± 0.6 mm) than normal ICP (5.1 ± 0.7 mm) or control group (4.9 ± 0.3 mm). Beyond the comparative tests between ONSD by ocular US and invasive ICP monitoring, ONSD correlated well with IICP seen on CT findings. Tayal et al [2] suggested that ONSD can be an alternative to CT for detecting IICP patients who visit the ED. In their study, ONSD over 5 mm had 100% sensitivity and 63% specificity in detecting IICP. Girisgin et al [1] also reported that IICP patients had higher mean ONSD than control group (6.4 mm in the IICP group vs 4.6 mm in the control group). Nevertheless, ethnic differences could be a confounding factor to set the optimal ONSD to define IICP. Ozgen and Ariyurek [12] reported a mean ONSD of 4.4 mm as seen on CT in 100 healthy Turkish volunteers. Lee et al [13] showed a mean ONSD of 4.1 mm ranging from 2.9 to 5.3 mm in Korean population using CT scan. Ko [14] also reported that the mean ONSD on MRI was 4.37 mm in patients with normal ICP. In their study, ONSD was not significantly different according to age, sex, and underlying diseases. Maude et al [15] reported a relative narrow range of ONSD (4.24-4.83 mm) in healthy volunteer in Bangladesh than that of United Kingdom (2.5-4.1 mm) [16] or Greece (2.2-4.9 mm). [17] Accordingly, we think that optimal cut-off point of ONSD for IICP could be better defined differently according to ethnicity.
Recently, Wang et al [4] assessed the mean ONSD and optimal value for defining IICP in a Chinese population. The mean ONSD in normal individuals was 3.55 ± 0.38 mm. The optimal cut-off point for IICP was 4.1 mm, which yielded a 95% sensitivity and 92% specificity. However, defining IICP based on lumbar puncture and disease severity in the study was a concern to the interpretation of the results. CSF pressure assessed by lumbar puncture tends to exhibit higher level than actual ICP in children. [18] Lenfeldt et al [19] showed that lumbar puncture opening pressure was consistently higher than ICP in adult patients with normal pressure hydrocephalus. Warden et al [20] also reported that CSF pressure by lumbar puncture overestimated the ICP within a range of 300 mmH 2 O. Regarding the disease severity, the authors only included patients who were managed conservatively in the general ward. Accordingly, the reported optimal cut-off of 4.1 mm in the Chinese subjects could not accurately reflect IICP patients who may require invasive treatments in ED or ICU. The aim of the present study was to investigate optimal cut-off points to indicate IICP in Korean population. The optimal ONSD cut-off point was 5.5 mm, which was higher than that of the Chinese population based on CSF pressure by lumbar puncture. [4] Serial check-up of intracranial lesions can be challenging for ICU patients, in particular unstable patients who have multiple drains or fluid lines. Although no data concerning adverse events during transfer to radiologic tests are available in Korea, an incidence rate up to 71% has been reported. [21, 22] Moreover, transfer of patients is usually done with an intern doctor or a physician assistant who may not yet have enough experience in dealing with unexpected complications during transfer. [22] In such circumstances, ONSD by ocular US can provide crucial information about the ICP at the patient' bedside within 5 minutes. Accordingly, the need to conduct brain CT scans could be decreased while avoiding unnecessary complications during transfer.
Limitations
There are some limitations in this study. Intra-or interobserver variation are concerns. Previous studies [16, 23] showed ±0.1 to 0.2 mm of intraobserver and ±0.2 to 0.3 mm of interobserver variation. Ballantyne et al [16] reported that intra-and interobserver variation reduced after the 1st 17 examinations. In this study, we also had excellent agreements for estimating ONSD (k = 0.91 of intraobserver and 0.88 of interobserver agreements, respectively). Accordingly, we think that ONSD measured by ocular US can be an easily handled method to detect IICP with low intra-and interobserver variation, although standardization efforts are necessary. Second, some physicians may argue the possibility of the presence of idiopathic intracranial hypertension (IIH) in the enrolled patients, in particular, the control group. IIH has been reported to range from 0.9 to 2.2 per 100,000 individuals per year. Most patients with IIH present with constant daily headache and visual symptoms without intracranial abnormalities. [24] [25] [26] In this study, patients without IICP underwent radiologic imaging tests for sudden acute headache. In addition, the normal control group included patients who had had a medical check-up, with no evidence indicating IIH. Accordingly, the possibility of the presence of IIH in the enrolled patients would be low. Third, direct comparison between ONSD and invasive ICP monitoring was not performed. We do not advocate that ONSD seems to be accurate enough as an alternative to invasive ICP monitoring or radiologic tests, such as CT or MRI in all circumstances. However, we think that ONSD could be used as a screening method for the detection or serial 
Conclusion
The optimal cut-off point of ONSD for identifying IICP was 5.5 mm. ONSD seen on ocular US can be a feasible method for detection and serial monitoring of ICP.
